1. Introduction {#sec1-foods-09-00221}
===============

Counterfeiters target high-value products, including those with a strong brand name, deceiving consumers by substituting a high-value product with a less expensive or lower quality alternative. Although most food fraud concerns do not result in a public health or food safety crisis, these acts can lead to severe health hazards, as evidenced by oil fraudulently sold as olive oil that caused an outbreak of a condition known as the toxic oil syndrome, affecting 20,000 people, of which more than 300 died in Spain (1981) due to the ingestion of a food-grade rapeseed oil containing aniline derivatives sold for human consumption by street vendors \[[@B1-foods-09-00221]\]. To prevent olive oil adulteration, global governmental agencies (e.g., European Commission, United States Department of Agriculture, International Olive Council, Codex Alimentarius, German/Australian Standard, North American Olive Oil Association) have developed different standards to regulate olive oil by establishing a set of physical, chemical, and organoleptic characteristics \[[@B2-foods-09-00221]\]. A 2013 report by the U.S. International Trade Commission (USITC) indicated that current standards for extra virgin olive oil (EVOO) are widely unenforced leading to adulterated and mislabeled products in the market \[[@B3-foods-09-00221]\]. Common adulterants of EVOO include lower quality olive oils (refined, pomace, or lampante) or seed oils \[[@B4-foods-09-00221]\].

Numerous analytical techniques have been proposed to detect and control olive oil adulteration, including Ultraviolet-visible (UV--vis) absorption \[[@B5-foods-09-00221],[@B6-foods-09-00221]\], front-face total fluorescence spectroscopy \[[@B7-foods-09-00221]\], vibrational spectroscopy \[[@B8-foods-09-00221],[@B9-foods-09-00221],[@B10-foods-09-00221],[@B11-foods-09-00221]\], mass spectrometry \[[@B12-foods-09-00221],[@B13-foods-09-00221],[@B14-foods-09-00221]\], nuclear magnetic resonance \[[@B15-foods-09-00221],[@B16-foods-09-00221],[@B17-foods-09-00221],[@B18-foods-09-00221],[@B19-foods-09-00221],[@B20-foods-09-00221]\], and techniques such as DNA-based methods \[[@B21-foods-09-00221]\] and electronic noses \[[@B22-foods-09-00221]\]. Most methods to detect olive oil adulteration have focused on targeted approaches, providing great selectivity and sensitivity for identification and quantification of pre-defined compounds or classes of compounds, but fail to detect emerging risks from unexpected adulterants \[[@B23-foods-09-00221]\]. On the other hand, non-targeted screening, which is currently at the heart of metabolomics, focuses on the detection of all compounds in a sample without any prior knowledge of chemical entities which can then be compared with the fingerprint profile of pure reference sample \[[@B24-foods-09-00221]\].

Advancements in semiconductors have allowed miniaturization and cost reduction of spectrometer components, leading to commercially available portable, handheld, compact, and micro-devices in the industry. Key enabling technologies leading to miniaturized structures have been fostered by developments in Micro Electro Mechanical Systems (MEMS), thin-film filters, solid-state lasers, light-emitting devices (LEDs) and alternative light sources, fiber optic assemblies, and high-performance detector arrays \[[@B25-foods-09-00221]\]. These devices have been at the forefront of cutting-edge technologies and have become progressively smaller and easier to use. Miniaturized devices can be taken to or placed at/in/on-line points of vulnerability along with complex food supply networks and moved from the confines of the relatively stable and controlled laboratory environment into the potentially more challenging and dynamic environs of the food supply chain (point-and-shoot) \[[@B26-foods-09-00221]\].

Limited information is reported in the literature regarding the detection of olive oil adulteration using non-targeted classification approaches. Mossoba et al. (2017) evaluated FT-NIR in conjunction with a partial least square analysis to predict EVOO authenticity of 93 samples collected from online and local grocery stores \[[@B27-foods-09-00221]\]. The authors developed an FT-NIR index based on two carbonyl overtone (5280 cm^−1^ and 5180 cm^−1^) absorptions and generated partial least squares regression (PLSR) models for four specific oils (refined, high oleic, high linoleic, and palm olein) based on the different fatty acid composition of the potential adulterants in EVOO \[[@B27-foods-09-00221]\]. FT-IR equipped with an attenuated total reflectance (ATR) accessory and combined with supervised pattern recognition techniques (soft independent modeling of class analogy (SIMCA) and partial least squares discriminant analysis (PLS-DA) have detected adulteration of EVOO with vegetable oils at levels above 10% \[[@B28-foods-09-00221],[@B29-foods-09-00221]\]. Jimenez-Carvelo and others (2017) evaluated the use of FTIR-ATR and Raman spectroscopy (785 nm excitation laser) with different chemometric classification methods to detect adulteration of olive oil in blends with vegetable oils \[[@B30-foods-09-00221]\]. They successfully discriminated olive oils from blends containing over 10% vegetable oils by using PLS-DA and support vector machine-classification (SVM-C) for FT-IR and Raman analysis, respectively. Georgouli and others (2017) assessed the capabilities of a compact FTIR-ATR and a bench-top 1064 nm Raman spectrometers on the detection of EVOO adulteration with hazelnut oil (1--90%) mixtures by using a novel continuous locality preserving projections (CLPP) technique accompanied by a k-nearest neighbors (kNN) algorithm, reporting a classification rate ≥69% \[[@B31-foods-09-00221]\]. Although these studies have shown the capabilities of vibrational spectroscopy to detect EVOO adulteration with vegetable oils, they have not included lower quality olive oil (refined, lampante, or pomace), and most have been developed using a limited number of olive oil samples coming from restricted varietal origins and geographical areas, which limits their use as global methods to detect adulteration of olive oil (independently of the cultivars) with any edible vegetable oil \[[@B2-foods-09-00221],[@B30-foods-09-00221]\].

This study aimed to develop an authentication program for EVOO using vibrational spectroscopy signatures combined with pattern recognition analysis for non-targeted screening of commercial EVOO samples and to generate prediction models for monitoring olive oil quality parameters.

2. Materials and Methods {#sec2-foods-09-00221}
========================

A total of 151 olive oil samples were used in this study. Samples from Turkey (*n* = 91) were obtained from Aydin Commodity Exchange Laboratories in Aydin, Turkey, which monitors EVOOs for exportation to different countries. In addition, we included EVOO samples that were kindly provided by the California Olive Oil Council (*n* = 20) and samples purchased from grocery stores that included origins from Italy, Spain, Greece, Turkey, Tunisia, Portugal, and Peru (*n* = 40). Oils were placed in amber glass vials and stored at −18 °C until further analysis to minimize oxidation and any compositional changes.

2.1. Reference Methods {#sec2dot1-foods-09-00221}
----------------------

The fatty acid profile was determined using a fatty acid methyl ester (FAME) procedure. Fatty acid esterification was achieved by dissolving 100 μL olive oil sample with 10 mL of hexane in a glass tube, after which 100 μL 2N potassium hydroxide in methanol was added and the mixture was vortexed. An aliquot (1.5 mL) was placed into a microcentrifuge tube and rotated at 13.2 rpm for 5 min, and the solution was transferred into a borosilicate glass vial and stored at −18 °C until further Gas Chromatography (GC) analysis. FAMEs were analyzed using an Agilent 6890 series (Santa Clara, CA, USA) GC, equipped with a flame ionization detector (FID) and an HP G1513A autosampler and a tray. Fatty acids' separation was achieved using HP-88 60 m × 0.25 mm × 0.2 µm column (Agilent 112-8867), and helium was used as a carrier gas. The injection volume was 1 µL with a split ratio of 20:1. The oven conditions were 110 °C for 1 min, to 220 °C (5 °C/min) hold for 15 min. The injector temperature was 220 °C, and the detector temperature was 250 °C. Fatty acids were identified by comparing each peak's retention times against reference standards (Supelco^®^ 37 Component FAME Mix, Sigma Aldrich, St. Louis, MO, USA). GC analyses were carried out in duplicate.

2.2. Monitoring EVOO Quality Indices {#sec2dot2-foods-09-00221}
------------------------------------

Olive oil samples were analyzed for peroxide value (PV), free fatty acid (FFA) value, pyropheophytins (PPP), and total polar compound (TPC) tests. PV and FFA of the samples were determined using a Metrohm, 916 Ti-Touch (Herisau, Switzerland) automatic titrator. The PV test was performed using a Metrohm Pt Titrode electrode (Herisau, Switzerland), by following the AOCS official method Cd 8-53 \[[@B32-foods-09-00221]\] and expressed as meqO~2~/kg of oil. The FFA test was carried out using a Metrohm Solvotrode electrode (Herisau, Switzerland) and following the European Pharmacopoeia 5.0 01/2005:20501 modifications to the AOCS official method Ca 5a-40 \[[@B33-foods-09-00221]\]. FFA results were expressed in terms of the percentage of oleic acid. Pyropheophytin analysis was carried out by following the ISO 29841:2009/AMD 1:2016 \[[@B34-foods-09-00221]\] official method and by using a high-performance liquid chromatography (HPLC) (1100 Series, Agilent Technologies, Santa Clara, CA, USA) that was equipped with a G1311A quaternary pump, a G1322A degasser, a G1313 ALS autosampler, and a G1315B DAD detector (Agilent Technologies, Santa Clara, CA, USA). The separated pheophytin components were monitored at 410 nm. The results were expressed as relative proportions (%) of the analytes (pheophytin a and a', and pyropheophytin a). Total polar compound (TPC) content was determined using Testo 270 oil tester (West Chester, PA, USA), according to the manufacturer's operation guide and expressed as a percentage. All the reference tests were carried out in duplicate.

2.3. Vibrational Spectroscopy {#sec2dot3-foods-09-00221}
-----------------------------

Before the data collection, all the olive oil samples were heated to 65 °C in a lab oven (Precision Standard Incubator, PR205125G, Thermo Fisher Scientific, Waltham, MA, USA) to liquefy all the samples to the same level. FT-IR Spectroscopy: Spectra of each oil sample were acquired using a portable 5500a series compact Fourier-Transform IR spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a temperature controlled, 5-reflections ZnSe crystal attenuated total reflectance (ATR) accessory, which was set to 65 °C to prevent fat solidification during the spectral collection. Thermoelectrically-cooled deuterated triglycine sulfate (dTGS) detector was used to measure the amount of light absorbed by the sample. Data collection was done in duplicate. A 75 μL oil aliquot was deposited onto the heated crystal. Spectra were collected over a range of 4000--700 cm^−1^ at 4 cm^−1^ resolution and by co-adding 64 scans, to improve the signal-to-noise ratio. Spectral data were displayed in terms of absorbance and viewed using Resolutions Pro Software (Agilent, Santa Clara, CA, USA). Raman Spectroscopy: Olive oil samples were heated (65 °C) in a lab oven before the analysis. Three milliliters of olive oil sample was placed in a quartz cuvette (Hellma Analytics, Mullheim, Germany) with the 10-mm light path for Raman analysis using a WP 1064 compact benchtop Raman spectrometer (Wasatch Photonics, Durham, NC, USA). The Raman spectroscopy was equipped with an Indium Gallium Arsenide (InGaAs) detector and a laser source operating at 1064 nm. The Raman spectra were collected from 250 to 1850 cm^−1^ with a resolution of 4 cm^−1^ and 3 scans were co-added and averaged to improve the signal-to-noise ratio of the spectrum with an integration time of 3000 ms. Between each sample, the background spectrum was acquired to eliminate environmental variations. Spectral data were displayed in terms of scattered light by the sample and viewed using Enlighten^TM^ software (Wasatch Photonics, Durham, NC, USA). Spectral data collection was done in duplicate.

2.4. Multivariate Data Analysis {#sec2dot4-foods-09-00221}
-------------------------------

The spectral data were imported as GRAMS (.spc) and Excel (.xls) files and analyzed using Pirouette^®^ multivariate statistical analysis software (version 4.5, Infometrix Inc., Bothell, WA, USA). FT-IR spectral data were transformed by smoothing (35 points) and taking the Savitsky--Golay second derivative (35 points with second order polynomial filter). Raman spectral data were preprocessed using mean-center and transformed taking the Savitsky--Golay second derivative (35 points with second order polynomial filter). Samples with high residual and leverage were re-evaluated and excluded if needed. The remaining samples were randomly divided into two sub-groups as calibration (80% of the total sample size) and validation (remaining 20%) sets.

Classification analyses of olive oils were performed by using soft independent modeling of class analogy (SIMCA), a supervised pattern recognition classification technique that uses previous knowledge about the category membership of samples to classify new unknown samples in one of the known classes based on its pattern of measurements \[[@B35-foods-09-00221]\]. The optimal number of principal components (PCs) for each class in the training set was determined by cross-validation, thus, lessening the effect of noise-laden PCs in the class model \[[@B35-foods-09-00221]\]. Class boundaries surrounding each class in the multivariate space represented the mean residual standard deviation of the training samples for a given class based on an F-statistic value set at a 95% specific confident interval. Interclass distances measure class separation in the multivariate space and interclass distances between groups of objects above 3.0 is regarded as significant to identify 2 groups of samples as different classes \[[@B36-foods-09-00221]\]. Lastly, the prediction of class membership was achieved by comparing the residual variance of an unknown to the average residual variance of the classes in the model using an F-test \[[@B37-foods-09-00221]\]. SIMCA only assigns unknown samples to the class for which it has the smallest residual, not forcing class assignments if the residual variance of an unknown exceeds the upper limit for every modeled class in the dataset. The sample will not be assigned to a class because it is either an outlier or comes from a class not represented in the model \[[@B37-foods-09-00221]\].

Partial least squares regression (PLSR) models were developed using infrared and Raman spectra and reference values obtained for fatty acid composition, free fatty acids, peroxide value, pyropheophytins, and total polar compounds. Separate PLSR models were developed for the infrared and Raman systems for each of the compounds of interest. PLSR combines features from principal component analysis (PCA) and multiple regression to solve problems involving high collinearity and to determine a set of dependent variables from a (very) large set of independent variables or predictors \[[@B38-foods-09-00221],[@B39-foods-09-00221]\]. The PLSR algorithm extracts a set of orthogonal factors called "latent variables" that explains most of the variance from the X (spectra) and Y (concentration), generating an algorithm that diminishes the potential impact of large, irrelevant variations in the X matrix \[[@B39-foods-09-00221]\]. Leave-one-out cross-validation was applied to determine the optimal number of factors to prevent over- or under-fitting and to improve the modeling performance and the quality of the prediction \[[@B38-foods-09-00221]\]. The quality of the final model was evaluated based on the number of latent variables, loading vectors, standard error of cross-validation (SECV), the coefficient of determination (R-value), standard error of prediction (SEP), and outlier diagnostics, while outliers were determined using residual and Mahalanobis distances. The performances of models were determined by calculating the specificity and sensitivity based on true positive (TP, predicted result and actual label are both positive), false positive (FP, predicted result is positive while the actual label is negative), true negative (TN, predicted result and the actual label are both negative) and false negative (FN, predicted result is negative while the actual label is positive) classifiers \[[@B40-foods-09-00221]\].

3. Results and Discussion {#sec3-foods-09-00221}
=========================

3.1. Characterization of Olive Oils Using International Olive Oil Trade Standards {#sec3dot1-foods-09-00221}
---------------------------------------------------------------------------------

Olive oils were grouped as extra virgin olive oil (EVOO) (*n* = 77), virgin olive oil (VOO)/olive oil (OO) (*n* = 27), and adulterated olive oil with vegetable oils (corn, sunflower, soybean, and canola oil) (*n* = 47) according to information provided by the Aydin Commodity Exchange Laboratories (Aydin, Turkey) and California Olive Oil Council. [Table 1](#foods-09-00221-t001){ref-type="table"} summarizes the information on reference analysis with regard to the levels of major fatty acids, free fatty acids (FFA), peroxide value (PV), pyropheophytins (PPP), and total polar compounds (TPC).

Fatty acid (FA) composition of the EVOO group ([Table 1](#foods-09-00221-t001){ref-type="table"}) showed that the five major FAs (16:0, 18:0, 18:1*n*-9, 18:2*n*-6 and 18:3*n*-3) fell within specified ranges set by the United States standards for grades of olive oil \[[@B41-foods-09-00221]\] and International Olive Council \[[@B42-foods-09-00221]\]. EVOO variation in FA levels among samples can be related to differences in geographic origin, variety, stage of maturity of the fruit, latitude, climatic conditions, storage, and extraction process of samples \[[@B43-foods-09-00221],[@B44-foods-09-00221],[@B45-foods-09-00221]\]. EVOO and VOO showed similar fatty acid profiles, except for a sample obtained from Peru that showed higher palmitic (18.1%) and linoleic (17.7%) but lower oleic (57.7%) compared to other VOO samples. On the contrary, adulterated olive oils with vegetable oils showed marked variation in FA composition ([Table 1](#foods-09-00221-t001){ref-type="table"}). For instance, olive oil adulterated with canola oil had lower palmitic acid (5.7%), while linoleic (28.5%) and linolenic (4.4%) acids were higher than pure olive oil. Adulteration of EVOO with corn oil resulted in a decrease in the levels of oleic acid (29.9%) and an increase in linoleic acid (58.6%) content.

The average FFA content of the EVOO and VOO/OO samples ranged from 0.4 ± 0.2% and 0.5 ± 0.5%, respectively. The main difference between EVOO and VOO resulted from their FFA content. According to the trade standards of the International Olive Council (IOC) (2018), the FFA content of EVOO, VOO, and OO cannot exceed 0.8%, 2.0%, and 1.0%, respectively \[[@B42-foods-09-00221]\]. FFA levels of adulterated EVOO samples with other vegetable oils ranged from 0.1% to 10.3% (2.1 ± 2.7%). In particular, two adulterated EVOO samples showed FFA levels of 9.0% and 10.3% that could be related to mixing olive oils with crude vegetable oil or waste cooking or frying oil. There is no FFA limit for the crude vegetable oils, van Doosselaere (2013) reported that crude palm oil FFA levels could reach levels of 20--25% because of the lipolytic enzymes of the fruit that were not handled properly \[[@B46-foods-09-00221]\]. The frying or cooking process increases the FFA content of vegetable oils since oils that contain high levels of polyunsaturated fatty acids are highly susceptible to hydrolysis, oxidation, and polymerization under a frying environment \[[@B47-foods-09-00221]\].

Peroxide value of olive oil samples were 9.8 ± 2.0, and 10.0 ± 2.5 meqO~2~/kg for EVOO and VOO/OO samples, respectively. According to the European Union Commission Regulations (EEC/2568/91), the PV limit for EVOO and VOO are 20 meqO~2~/kg, whereas the limit for OO is 15 meqO~2~/kg \[[@B48-foods-09-00221]\], and our findings were under the established limits for different grades of olive oils. Similar values for PV of EVOO and VOO, ranging from 6.2 to 11 meqO~2~/kg, were reported by Casal and others (2010) \[[@B49-foods-09-00221]\]. A high PV indicates that olives or paste were likely mishandled \[[@B50-foods-09-00221]\]. Adulterated olive oils with other vegetable oils showed PV ranging from 2.5 to 32.7 meqO~2~/kg, indicating that counterfeiters employ a wide array of oil quality, including freshly deodorized to highly oxidized vegetable oils.

Pyropheophytin (PPP) values of the samples were 11.5 ± 2.3, 13.2 ± 3.0, 19.8 ± 3.0% for EVOO, VOO/OO blends, and olive oil mixtures with vegetable oil samples, respectively. The PPPs are the breakdown products of chlorophyll in olive oil. The chlorophyll pigment initially breaks down to pheophytin (a and a'), and then into pyropheophytins, due to the decarbomethoxylation of chlorophyll and pheophytins, upon the effect of heat \[[@B51-foods-09-00221]\]. The elevated level of PPP indicates that the samples were oxidized and/or adulterated with cheaper refined oils and the limit of the total PPP should be lower than 15% in EVOO \[[@B52-foods-09-00221]\].

Average total polar compounds (TPC) of the EVOO, VOO/OO, and adulterated olive oils ranged from 5.2 ± 1.1%, 6.6 ± 1.5%, and 8.7 ± 2.4%, respectively. The TPC measures the polar fraction in oils that are composed of polymers (dimers, trimers, and highly polymerized compounds) and decomposition products (mono and diacylglycerols, FFAs, volatile compounds, cyclic, and non-cyclic monomers) \[[@B53-foods-09-00221]\]. The TPC limit for frying oil is 25% according to international legislation, and if an oil exceeds this limit it becomes unsuitable for human consumption \[[@B53-foods-09-00221]\].

Overall, the chemical quality parameters of EVOO and OO showed strong overlapping within minimum and maximum limits, making it challenging to use these parameters as reliable markers to identify potential adulteration to consumers.

3.2. Spectral Analysis of Olive Oil Samples {#sec3dot2-foods-09-00221}
-------------------------------------------

The characteristic FT-IR absorption spectra of different grades of olive oil samples and their corresponding band assignments for specific functional groups are displayed in [Figure 1](#foods-09-00221-f001){ref-type="fig"}a. Visual inspection of the spectra showed close resemblance in their spectral profiles throughout the mid-IR region (4000--700 cm^−1^) ([Figure 1](#foods-09-00221-f001){ref-type="fig"}a), similar to those previously reported by Rohman and others (2017) \[[@B54-foods-09-00221]\]. Key absorbance signals included the band at 3010 cm^−1^ associated with =C--H stretching of cis olefins, the 2900--2800 cm^−1^ range related to--C--H symmetrical and asymmetrical stretching vibrations (CH~2~ and CH~3~), the band centered at 1746 cm^−1^ associated to the stretching vibrations of the ester carbonyl (--C=O) functional group of triglycerides, and the band at 1465 cm^−1^ associated with C--H bending (scissoring) vibration of the CH~2~ group. The band at 1377 cm^−1^ corresponds to the C--H bending (symmetrical) vibration of the CH~3~ group, and the shoulder band centered at 1417 cm^−1^ due to the rocking vibrations of the C-H bonds of cis-disubstituted olefins. Finally, the fingerprint region from 1200 to 1000 cm^−1^ represented the unique stretching and bending vibrations of --C--O and --CH~2~-- vibrational modes. Overall, important spectral regions for revealing possible EVOO adulteration included the band intensities at 3010--2800 cm^−1^ related to the triglyceride fatty acid composition and level of unsaturation of the oils, and the relative proportion between the triglyceride ester-linkage (COOR) band at 1742 cm^−1^ and the C=O absorption of FFAs at 1711 cm^−1^. An increase in the band intensity at 1711 cm^−1^ correlates with the increase in FFA content of oil \[[@B55-foods-09-00221]\].

The Raman spectra for selected olive oil samples and their band assignments for specific functional groups are given in [Figure 1](#foods-09-00221-f001){ref-type="fig"}b. The band at 1080 cm^−1^ was associated with C-C stretching vibration (-CH~2~-)*~n~*, while the band at 1263 cm^−1^ was associated with =C-H in-plane deformation of a conjugated cis double bond (cis-R-HC=CH-R) and related with monounsaturated fatty acids. The band at 1300 cm^−1^ was related to -C-H twisting motion (-CH~2~), and the band at 1439 cm^−1^ was associated with -C-H bending (-CH~2~) modes. The band at 1654 cm^−1^ was related to C=C stretching (cis-R-HC=CH-R) from polyunsaturated fatty acids. The band at 1745 cm^−1^ was associated with C=O stretching vibration (RC=OOR) \[[@B9-foods-09-00221],[@B56-foods-09-00221]\]. Different pure olive oils (EVOO, VOO, OO) did not show major differences throughout the measured Raman spectrum ([Figure 1](#foods-09-00221-f001){ref-type="fig"}b), but olive oil adulterated with other vegetable oils displayed marked differences (higher bands) in the band intensities at 1263 and 1654 cm^−1^. As mentioned earlier, those bands correspond to monounsaturated and polyunsaturated fatty acids, and an increase in their band intensities has been related to an increasing weight percentage of unsaturated fatty acids in olive oils \[[@B9-foods-09-00221],[@B56-foods-09-00221]\].

3.3. Pattern Recognition Modeling Using FT-IR and Raman Spectroscopy {#sec3dot3-foods-09-00221}
--------------------------------------------------------------------

The FT-IR and Raman spectral data were analyzed using soft independent modeling of class analogy (SIMCA) for the authentication of EVOO and detection of adulteration, either by blending with other vegetable oils or replacing of EVOO with lower olive oil grades, such as refined, pomace, or lampante olive oils. Single-class and multi-class pattern recognition strategies were assessed either by using a binary (authentic EVOO vs. VOO/OO blends and EVOO adulterated with vegetable oils) or multiple (authentic EVOO, VOO/OO blends and EVOO adulterated with vegetable oils) class approach based on the information provided by the Aydin Commodity Exchange Laboratories and California Olive Oil Council, along with our reference tests' results.

A multi-class approach was implemented for the FT-IR spectral data that comprised three different groups including EVOO, VOO/OO blends, and adulterated olive oil with vegetable oils. The class projection plot ([Figure 2](#foods-09-00221-f002){ref-type="fig"}a) showed compact clusters for the EVOO and VOO/OO blends, indicating similar chemical composition among samples in their class, while the marked compositional differences in EVOO adulterated with different vegetable oils were reflected by the large spread of samples in the class projection plot. A SIMCA parameter that correlated to the chemical differences between classes was the interclass distances (ICD) and gave values ranging from 2.6 (EVOO & VOO/OO blends) to 6.1 (VOO/OO blends & EVOO with other vegetable oils) ([Table 2](#foods-09-00221-t002){ref-type="table"}). In the SIMCA models, two different classes with an ICD \>3 are considered significantly different from each other \[[@B36-foods-09-00221]\]. Overall, all classes were largely independent of one another, requiring three to five PCs to explain 99% of the variance within groups and the cross-validation showed zero misclassifications, which indicates that the model should be robust and minimizes over-fitting. The SIMCA discriminating power plot ([Figure 2](#foods-09-00221-f002){ref-type="fig"}c) showed that the clustering of different olive oil grades and adulteration were explained by the bands centered at 2920 and 2850 cm^−1^, corresponding to CH~2~ asymmetric and symmetric stretching vibrations, and 1742, 1711, and 1098 cm^−1^,which correspond to the stretching vibrations of the carbonyl bonds (--C=O) in acylglycerides, and the 1670 cm^−1^ band, related to the olefinic trans C=C stretching vibrations.

The predictive performance of the multi-class calibration model was determined by using an independent validation set that included fifteen EVOOs, five VOO/OO blends, and nine EVOOs adulterated with other vegetable oils. By including the information of additional classes (i.e., VOO/OO blends and EVOO with other vegetable oils), the sensitivity and specificity of the SIMCA models were 100% for all the oil classes ([Table 3](#foods-09-00221-t003){ref-type="table"}). Since authentication studies are often approached as a one-class classification analysis, the adulterants are usually unknown \[[@B57-foods-09-00221]\]. A one-class SIMCA model was developed for EVOO based on the infrared spectra of genuine samples, and any adulterated samples were classified as outliers when tested against the PCA model boundaries. The performance of the calibration models was evaluated by using an independent validation set that consisted of 15 authentic EVOO and 74 non-authentic (VOO/OO and EVOO with other vegetable oils) samples. All EVOO samples were correctly predicted (TP = 15 and FN = 0) as belonging to its target class, resulting in 100% sensitivity, indicating that the one-class model was capable of accurately identifying authentic EVOO samples. On the other hand, eight of the non-authentic samples were predicted as EVOO (FP = 8, TN = 66), resulting in 89% specificity ([Table 3](#foods-09-00221-t003){ref-type="table"}), revealing that the model had adequate ability to detect adulterated samples. The one-class model correctly predicted all EVOO mixed with cheaper vegetable oils, while eight out of twenty-seven VOO/OO were predicted as belonging to the EVOO class.

A similar approach was taken for the Raman spectral data collected from the oils to detect EVOO adulteration. The class projection plot is given in [Figure 2](#foods-09-00221-f002){ref-type="fig"}b. The multi-class SIMCA model gave ICDs ranging from 0.9 to 7.0, with the largest dissimilarity of spectral features obtained between authentic EVOO and its mixtures with other vegetable oils (ICD = 7.0), while the ICD differentiating EVOO from VOO and its blends with refined olive oils was 0.9 ([Table 4](#foods-09-00221-t004){ref-type="table"}). Wold and Sjöström (1977) described that distances between class models larger than one indicate real differences, and if two models are not independent, the interclass distance is close to zero \[[@B58-foods-09-00221]\]. The classes required three to five PCs to explain 98% of the variance within groups, and the cross-validation showed zero misclassifications. The SIMCA discriminating power plot ([Figure 2](#foods-09-00221-f002){ref-type="fig"}c) was dominated by the bands centered at 1652 and 1306 cm^−1^, associated with the alkene νC=C stretch and in-phase methylene twisting vibrations, respectively. The minor bands at 920 and 856 cm^−1^ were attributed with bending vibrations of trans (C=C) and stretching vibrations of methylene chain skeleton, respectively \[[@B8-foods-09-00221]\]. An independent validation set was used to evaluate the predictive performance of the SIMCA models. Sensitivity evaluated the capability of our classification model to identify EVOO, while specificity determined the ability of our model to discriminate the adulterated or mislabeled samples. The sensitivity and specificity values for the single and multi-class models for Raman spectroscopy are given in [Table 3](#foods-09-00221-t003){ref-type="table"}. The multi-class model gave 100% sensitivity and specificity, which means that models generated by Raman spectra could effectively detect authentic EVOO samples from adulterated oils with excellent accuracy. Although the ICD separating the pure EVOO from VOO and its blends with refined olive oils was 0.9, the model gave perfect predictions. SIMCA single class models developed from Raman models correctly predicted all authentic EVOO (TP = 15 and FN = 0; 100% sensitivity). However, out of the 74 validation samples that were either mislabeled (lower olive oil grades) or adulterated with other vegetable oils, the one-class model failed to identify 25 samples that were predicted as pure EVOO (FP = 25, TN = 49; sensitivity = 66%). A total of 12 VOO/OO blends and 13 adulterated samples were classified as EVOO.

Similar to our findings, Li et al. (2018), Philippidis et al. (2017), and Zhang et al. (2011) were also be able to differentiate olive oils from vegetable oils including waste cooking oil, sunflower, rapeseed, soybean, corn, and canola oil by using Raman spectroscopy \[[@B8-foods-09-00221],[@B9-foods-09-00221],[@B56-foods-09-00221]\]. However, we report for the first time the discrimination of EVOO from their different grades (VOO and OO). Our data showed the challenges in detecting EVOO from OO, as very few unique compounds, monochloropropanediol esters, and glycidyl esters formed in the refining process can be used as markers for authentication \[[@B59-foods-09-00221]\]. By including the additional features from the class assigned to VOO and OO samples to the supervised model allowed to improve the discriminability of the classifiers providing the best accuracy for authentication of EVOO without false positives. Furthermore, EVOO adulterated with pomace olive oil showed marked FT-IR and Raman spectral differences allowing straightforward detection by pattern recognition analysis.

3.4. Development of PLSR Models Using FT-IR and Raman Spectroscopy {#sec3dot4-foods-09-00221}
------------------------------------------------------------------

Extra virgin olive oil (EVOO) quality and its freshness degrade over time due to its high level of monounsaturated fatty acid content (oleic acid). Therefore, it is important to monitor the main quality parameters (FFA, PV, PPP, TPC, and major fatty acid content) in EVOO throughout the olive oil production process and during the storage. Taking this into account, the FT-IR and the Raman spectra collected using the portable and compact benchtop units were employed to develop quantitative models with partial least squares regression (PLSR) based on reference values for free fatty acids (FFA), peroxide value (PV), pyropheophytin (PPP), total polar compounds (TPC), and major fatty acids (palmitic, stearic, oleic, linoleic, and linolenic) ([Figure 3](#foods-09-00221-f003){ref-type="fig"}). Samples were randomly divided into two groups as calibration and external validation sets, eighty percent of the total number of samples were randomly chosen to generate the calibration set and the other twenty percent were used to generate the external validation set to assess the robustness of the models. The performance statistics of each model, the minimum and maximum values, and the number of samples used in each calibration and external validation set were given in [Table 5](#foods-09-00221-t005){ref-type="table"}. If a sample has high leverage and/or residual, it was identified as an outlier and excluded from the model, therefore the total number of samples in each model could be different from each other. For the best model performances, and to eliminate the irrelevant, noisy, and unreliable variables (wavenumbers), specific wavenumbers were selected from the FT-IR and Raman spectral regions for each analyte. Depending on the quality parameter, cross-validation (leave-one-out) identified three to six factors to generate the FT-IR and Raman calibration models.

[Table 5](#foods-09-00221-t005){ref-type="table"} shows the performance statistics for the PLSR calibration and external validation models that were obtained for five major fatty acids (palmitic, stearic, oleic, linoleic, and linolenic) tested in olive oils and the main indices (FFA, PV, PPP, and TPC) that monitor olive oil quality. The SECV values for each calibration model was similar to the standard error of prediction (SEP) of their corresponding external validation model ([Table 5](#foods-09-00221-t005){ref-type="table"}), demonstrating the robustness of the generated models. The SEP values ranged from 0.01% to 1.5% for the five major fatty acids present in the tested olive oils. Our models showed superior performance statistics for the estimation of fatty acid profiles (lower correlation coefficient and SEP) than those reported by Gurdeniz and others (2010) for extra virgin olive oils using a benchtop FT-IR unit \[[@B60-foods-09-00221]\]. Furthermore, our calibration and validation models for the major fatty acids had similar performances to those reported by \[[@B61-foods-09-00221]\], but they employed 13--14 factors to acquire those statistics, which probably over-fitted the models. Using the same FT-IR and Raman spectral data, we also generated models for the main olive oil quality indices including FFA, PV, PPP and TPC and their performance statistics are given in [Table 5](#foods-09-00221-t005){ref-type="table"}. Overall, the FT-IR regression models gave superior performance than those generated by Raman spectroscopy. For example, the model generated by FT-IR for estimation of FFA levels gave correlation coefficient of validation (R~v~) of 1.00 and standard error of prediction (SEP) of 0.23% by using three factors, while the Raman model gave an R~v~ of 0.93 and SEP of 0.55 by using six factors ([Table 5](#foods-09-00221-t005){ref-type="table"}). Gouvinhas and others (2015) obtained good performances (R^2^ = 0.99) on the prediction of FFA content in EVOO at different maturation stages by using a shorter excitation wavelength laser (488 nm) over the spectral range of 950--1800 cm^−1^ \[[@B62-foods-09-00221]\].

4. Conclusions {#sec4-foods-09-00221}
==============

The present study was designed to evaluate portable FT-IR and compact benchtop Raman technology for the nondestructive authentication of premium EVOO and detect adulteration with the addition of lower grades of olive oils or other vegetable oils. Multi--class pattern recognition algorithms defining EVOO, VOO/OO (lower quality olive oils), and adulterated EVOO with vegetable oils classes allowed accurate classification with perfect sensitivity and specificity. However, a single-class approach resulted in diminished sensitivity, resulting in the misclassification of VOO and OO samples as EVOO. Our data demonstrated the importance of developing supervised classification models, including relevant a priori knowledge in the training set, especially samples with similar compositional make-up, such as lower quality olive oils, to develop reliable methods to reveal EVOO fraud. Furthermore, the same spectra were used to generate multivariate regression models to predict major quality parameters, including levels of fatty acids, %FFA, PV, PPP, and TPC. Both the portable FT-IR and compact benchtop 1064 nm Raman were promising technologies for "in-situ", non-destructive, simple and quick identification of possible adulteration of EVOOs. However, the portable FT-IR unit gave the best classification and quantitation results, even when comparing against reported SEP collected in benchtop systems. Our approach showed sensitivity and specificity to detect EVOO fraud, even with lower processing grade olive oils, and provides rapid quantitative analysis for monitoring oil quality parameters.

We would like to thank the Turkish Ministry of Education for supporting this project through their PhD fellowship. The authors also are grateful to Aydin Commodity Exchange Laboratories (Aydin, Turkey) and the California Olive Oil Council for providing samples.

D.P.A.; Formal Analysis, Methodology, Data curation, Original draft, A.D.K.; Methodology, Resources, B.K.; Resources, L.R.-S.; Data curation, Review and editing. All authors have read and agreed to the published version of the manuscript.

This research received no external funding.

Authors declare that they have no conflict of interest. This article does not contain any studies with human or animal subjects.

![(**a**) FT-IR spectrum and band assignments of different quality olive oils at frequency of 4000--700 cm^−1^ collected using a portable 5-reflections ZnSe crystal ATR system equipped with a temperature-controlled accessory. (**b**) Raman spectrum of different quality olive oils at frequencies of 200--1850 cm^−1^ collected using a compact benchtop Raman system working with 1064 nm excitation laser. EVOO: Extra virgin olive oil, VOO/OO: Blend of virgin olive oil and olive oil, EVOO + SO: Extra virgin olive oil + Sunflower oil. \*a.u.: Arbitrary units.](foods-09-00221-g001){#foods-09-00221-f001}

###### 

(**a**) Soft independent modeling of class analogy (SIMCA) 3D projection plots of spectral data for olive oil samples collected by (**a**) portable FT-IR and (**b**) compact benchtop Raman spectrometers. EVOO: Extra virgin olive oil, VOO/OO: Blend of virgin olive oil and olive oil. (**c**) SIMCA discriminating plot based on the mid-infrared and Raman spectra of olive oils using an FT-IR and a Raman spectrometer, showing bands and regions responsible for class separation.

![](foods-09-00221-g002a)

![](foods-09-00221-g002b)

![Partial least squares regression (PLSR) calibration and external validation plots for oleic (**a** and **b**), free fatty acids (**c** and **d**), and peroxide value (**e** and **f**) levels in olive oil samples using a portable 5-reflections FT-IR and compact benchtop Raman instrument, respectively. Grey circles represent samples in calibration set; black circles represent samples in external validation set.](foods-09-00221-g003){#foods-09-00221-f003}
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###### 

Reference concentration levels for the compounds measured in olive oil samples.

                                        EVOO ^a^     VOO/OO ^b^   Mixture ^c^
  ----------------------------- ------- ------------ ------------ -------------
  Palmitic (%)                  Range   9.8--17.4    10.6--18.1   5.3--18.9
  Mean                          13.2    13.4         12.1         
  SD                            1.7     1.9          2.8          
  Stearic (%)                   Range   2.7--2.9     2.7--3.1     2.7--3.5
  Mean                          2.8     2.8          2.9          
  SD                            0       0.1          0.2          
  Oleic (%)                     Range   62.0--78.2   57.7--76.5   11.0--76.9
  Mean                          72.6    71.5         66.9         
  SD                            3.8     4.4          14           
  Linoleic (%)                  Range   4.5--14.8    6.0--17.7    5.6--76.0
  Mean                          8.5     9.5          15.1         
  SD                            2.2     2.4          14           
  Linolenic (%)                 Range   0.6--0.8     0.7--0.9     0.1--5.8
  Mean                          0.7     0.7          1            
  SD                            0       0.1          0.9          
  Free Fatty Acid (%)           Range   0.1--0.7     0.1--1.9     0.1--10.3
  Mean                          0.4     0.5          2.1          
  SD                            0.2     0.5          2.7          
  Peroxide Value (meqO~2~/kg)   Range   4.8--13.7    3.1--13.2    2.5--32.7
  Mean                          9.8     10           11.7         
  SD                            2       2.5          4.9          
  Pyropheophytin (%)            Range   7.0--14.9    5.6--20.6    12.5--25.5
  Mean                          11.5    13.2         19.8         
  SD                            2.3     3            3            
  Total Polar Compound (%)      Range   2.5--8.5     4.0--9.8     5.5--17.8
  Mean                          5.2     6.6          8.7          
  SD                            1.1     1.5          2.4          

^a^ EVOO: Extra virgin olive oil, ^b^ VOO/OO: Blend of virgin olive oil and olive oil, ^c^ Mixture: Adulterated olive oil with vegetable oils (corn, sunflower, soybean, and canola oil).
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###### 

Interclass distances between three classes of olive oils based on the SIMCA class projections for the FT-IR spectra collected in the 700--4000 cm^−1^ region.

  Groups                           EVOO ^a^   VOO/OO Blends ^b^   EVOO with other Vegetable Oils ^c^
  -------------------------------- ---------- ------------------- ------------------------------------
  EVOO                             0                              
  VOO/OO blends                    2.6        0                   
  EVOO with other vegetable oils   5.2        6.1                 0

^a^ EVOO: Extra virgin olive oil, ^b^ VOO/OO: Blend of virgin olive oil and olive oil, ^c^ Adulterated EVOO with other vegetable oils (corn, sunflower, soybean, and canola oil).
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###### 

Sensitivity and specificity values of SIMCA multi- and single-class models obtained from FT-IR and Raman spectroscopy.

  Model Types                                          Samples             Sensitivity (%)   Specificity (%)
  ------------------------------------ --------------- ------------------- ----------------- -----------------
  Multi-Class                          FT-IR           VOO/OO blends ^b^   100               100
  EVOO ^a^ with other vegetable oils   100             100                                   
  Raman                                VOO/OO blends   100                 100               
  EVOO with other vegetable oils ^c^   100             100                                   
  One-Class                            FT-IR           100                 89                
  Raman                                100             66                                    

^a^ EVOO: Extra virgin olive oil, ^b^ VOO/OO: Blend of virgin olive oil and olive oil, ^c^ Adulterated EVOO with other vegetable oils (corn, sunflower, soybean, and canola oil).
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###### 

Interclass distances between three classes of olive oils based on the SIMCA class projections for the Raman spectra collected in the 250--1850 cm^−1^ region.

  Groups                           EVOO ^a^   VOO/OO Blends ^b^   EVOO with other Vegetable Oils ^c^
  -------------------------------- ---------- ------------------- ------------------------------------
  EVOO                             0                              
  VOO/OO blends                    0.9        0                   
  EVOO with other vegetable oils   7.0        5.9                 0

^a^ EVOO: Extra virgin olive oil, ^b^ VOO/OO: Blend of virgin olive oil and olive oil, ^c^ Adulterated EVOO with other vegetable oils (corn, sunflower, soybean, and canola oil).

foods-09-00221-t005_Table 5

###### 

Performance statistics of calibration and external validation models developed by using portable FT-IR and compact benchtop Raman spectroscopy.

  Technique            Parameter      Calibration Model   External Validation Model                                                        
  -------------------- -------------- ------------------- --------------------------- ------ ------ ------------ ----------- ------ ------ ------
  FT-IR                Palmitic (%)   5.3--18.9           120                         6      0.44   0.98         6.5--18.1   30     0.53   0.98
  Stearic (%)          2.7--3.6       120                 4                           0.03   0.98   2.7--3.5     30          0.02   0.99   
  Oleic (%)            11.0--78.2     120                 4                           1.13   0.99   29.9--78.0   30          1.41   0.99   
  Linoleic (%)         4.5--76.0      120                 4                           1      0.99   5.7--41.0    30          1.4    0.98   
  Linolenic (%)        0.5--1.8       117                 4                           0.02   0.99   0.6--1.0     29          0.02   0.97   
  FFA (%)              0.1--10.3      118                 3                           0.17   1      0.1--6.8     30          0.23   0.99   
  PV (meqO~2~/kg)      2.5--32.7      120                 5                           0.65   0.98   4.9--19.1    30          0.79   0.96   
  Pyropheophytin (%)   5.6--25.5      87                  6                           1.47   0.96   10.7--23.5   22          1.46   0.94   
  TPC (%)              2.5--17.8      120                 6                           0.54   0.97   3.3--13.3    30          0.59   0.97   
  Raman                Palmitic (%)   5.3--18.9           120                         6      0.84   0.91         6.5--18.1   30     0.99   0.92
  Stearic (%)          2.7--3.6       120                 5                           0.04   0.96   2.7--3.5     30          0.04   0.97   
  Oleic (%)            11.0--78.2     120                 6                           1.33   0.99   29.9--78.0   30          1.78   0.98   
  Linoleic (%)         4.5--76.0      120                 4                           1.09   0.99   5.7--41.0    30          1.63   0.99   
  Linolenic (%)        0.5--1.8       118                 6                           0.02   0.99   0.6--1.0     30          0.01   0.98   
  FFA (%)              0.1--10.3      118                 6                           0.55   0.94   0.1--6.8     30          0.52   0.93   
  PV (meqO~2~/kg)      2.5--32.7      120                 4                           1.31   0.92   4.9--19.1    30          1.11   0.92   
  Pyropheophytin (%)   7.0--25.5      85                  5                           1.93   0.92   10.7--20.5   21          1.55   0.92   
  TPC (%)              2.5--17.8      119                 6                           0.76   0.94   3.3--13.3    30          0.83   0.93   

^a^ Number of samples used in calibration models. ^b^ Standard error of cross validation. ^c^ Number of samples used in external validation models. ^d^ Standard error of prediction.
